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HIGHLIGHTS 


• Process pathways for making densified biocoal from wood chips were compared in terms of detailed energy and mass balance. 

• Binding agent was necessary to densify the torrefied biomass with reasonable energy consumption (process scheme I). 

• Raw biomass can be densified first without using any binding agents and can be subsequently torrefied (process scheme II). 

• Process scheme II was more efficient in terms of energy/mass balance and resulting pellets had several promising properties. 

• Torrefied pellets seems suitable for both biochemical and thermochemical conversion applications. 
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Torrefied biomass represents a high quality renewable energy commodity that can be used to substitute 
fossil fuels such as coal. However, densification processes such as pelletisation is necessary to improve 
the tradability of “low-dense” torrefied biomass. In this work, two process pathways were assessed for 
energy and mass balance in making torrefied pellets from softwood chips and qualities of the resulting 
torrefied pellets were compared. Pathway I involve drying the wood chips, torrefaction, grinding followed 
by densification. In pathway II, wood chips were dried, ground, densified and finally torrefied. The results 
showed that it was difficult to bind the torrefied biomass particles and a binding agent was necessary to 
enable their effective pelletisation with reasonable energy consumption. In contrary, pelletization of raw 
materials was possible without using binding agents and when the “raw wood pellets” were torrefied, the 
pellets surprisingly stayed intact and had several promising properties such as higher energy/carbon 
value, reduced moisture content and higher stability in water. In addition, the pathway II was more 
efficient in terms of overall energy and material balance. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

Torrefaction is a thermal pretreatment process to upgrade the 
properties of lignocellulosic biomass to a high quality “energy 
and carbon carrier” which can be effectively used to substitute fos¬ 
sil fuels [1-4]. The process is generally considered as a mild pyro¬ 
lysis or carbonisation where the biomass is subjected to 
temperatures ranging from 200 to 300 °C in the absence of oxygen 
[5]. The high heating value of the currently marketed wood pellets 
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is approximately 19 GJ per metric ton which is substantially lower 
that of coal (28-30 GJ per metric ton). This lower heat content lim¬ 
its the proportion of biomass that can be used in co-firing with coal 
[6,7]. By removing the volatile substances that have a lower heat¬ 
ing value from biomass, torrefaction process increases the heat 
value of the biomass closer to that of coal [8,9]. Shang et al. 
[10,11] have recently shown that torrefaction increased the higher 
heating value of Scots pine from 18.4 MJ/kg to 24.3 MJ/kg. In addi¬ 
tion to be an effective substitute to coal, torrefied biomass can be 
processed to both gaseous/liquid fuels and a range of chemicals/ 
materials that are currently derived from petroleum [12-15]. The 
syngas produced from the gasification of torrefied biomass was 
found to have a significantly higher quality compared to the syngas 
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generated from the raw biomass [16,17]. In addition, torrefying 
biomass prior to pyrolysis improved the properties of biooil 
[15,16,18]. Some other beneficial properties of torrefied biomass 
include their high hydrophobicity and enhanced grindability 
compared to untreated biomass [19-21]. Hydrophobicity of wood 
pellets is generally characterised by measuring the moisture 
uptake in a humidity chamber as well as immersing the pellets 
in water and determining the degree of water absorption 
[19-21]. Grindability of pellets is determined by measuring the 
energy consumption for grinding and the resulting particle size 
distribution [10,11]. Torrefaction has also been recognised as a 
robust strategy to overcome the heterogeneity among different 
types of cellulosic feedstocks thus producing a uniform-quality 
energy commodity with improved fuel/carbon values [2,22,23]. 

Despite many advantages, there are several challenges that 
need to be addressed for the commercial use of torrefied material 
as a “tradable energy commodity”. Bulk density of the torrefied 
material is often poor; i.e., even lower than that of the raw biomass 
making the transport and storage of the material economically 
challenging [24,11,25]. In order to facilitate the effective use of 
torrefied biomass as a “globally traded bioenergy commodity”, 
the material will have to be densified. It should be noted that it 
was the recent developments in densification technologies such 
as pelletisation, that enabled the global transport of biomass as 
an energy commodity [26]. As a consequence, Canadian wood pel¬ 
let industry has rapidly evolved as an inevitable part of the global 
bioeconomy with British Columbia being one of the leading export¬ 
ers of wood pellets. Therefore, it is apparent that combining the 
torrefaction and densification processes to make “torrefied wood 
pellets” has a great potential to upgrade the properties of biomass 
to a transportable high value energy commodity with several end 
use applications [8,9,27]. However, torrefied pellets should be pro¬ 
duced with minimum energy consumption without compromising 
the energy and carbon values of torrefied materials while also 
ensuring that the resulting pellets are stable and durable under 
varying environmental conditions such as different temperatures 
and humidity. 

There has been some previous work, which has looked into 
densifying the torrefied biomass. As a result, there are some pilot 
scale industrial units that produce torrefied wood pellets. Most of 
this units first torrefy biomass and subsequently density them. 
However, the main challenge associated with this traditional 
approach is the difficulty in densifying biomass particles after they 
have been torrefied. It was found that torrefied biomass particles 
were not easy to bind as effectively as the untreated biomass 
particles [28] and the resulting pellets had poor storage and 
transport characteristics albeit a greater amount of energy 
required for pelletisation [20,24,11,28,29,10,30]. An alternative 
approach used in this work was to torrefy biomass after it has been 
densified. We have expected that this approach may be more 
promising compared to the traditional method of making torrefied 
pellets due to the easiness in integrating a torrefaction as a final 
step in the existing pellet plants. However, it is not investigated 
in detail whether wood pellets can retain all of the desirable 
characteristics after they have been torrefied. Some of the 
preliminary work has shown that torrefaction can cause a decrease 
in the durability characteristics of the wood pellets such as 
compression strength [10,11]. In this work, we have quantified 
almost all of the relevant parameters of torrefied pellets including 
density, durability, hydrophobicity, water absorption, fuel value 
and chemical as well as elemental composition. In addition to 
understanding the properties of torrefied pellets, it is important 
to understand the overall mass and energy balance of this 
proposed process configuration compared to the traditional 
process configuration, where wood chips are first torrefied and 
subsequently densified. 


The overall objective of the described work was to produce 
“high quality and tradable biocoal” from biomass by combining 
torrefaction and densification processes. As was mentioned earlier, 
detailed comparison of the two process schemes were carried out 
in the work. The first process scheme followed the traditional 
method of making torrefied wood pellets which involve drying, 
torrefying, grinding and pelletisation. The second process scheme 
involved drying, grinding, pelletisation and subsequently the 
torrefaction of wood pellets. In this work, a complete mass and 
energy balance of the two process schemes were carried out 
together with the detailed evaluation of the resulting wood pellet 
properties. The work is expected to enable us to choose a better 
process strategy for producing torrefied wood pellets. 

2. Materials and methods 

2A. Raw material 

Douglas fir (Pseudotsuga menziesii) wood chips with average 
size of 1.5-2 in. with initial moisture content of 40% (on a wet 
weight basis) were used as raw material. The sample was collected 
(Fibreco Company, Vancouver) from a large pile, stored outdoor. 
Immediately after collection, the samples were sealed in plastic 
bags and subsequently stored in the cold room (4 °C) to prevent 
any loss of moisture, minimise biodegradation and off gassing. 

2.2. Drying 

As received sample, due to its high moisture content was not 
suitable for direct grinding. Therefore, material was first dried to 
reach 15% moisture content using the hot air convection oven 
(Cascade, TEK TFO-28). At first, 3 kg of the wet wood chips were 
loaded in a tray at a uniform height and subsequently placed in 
the oven at 110 °C. The duration required to dry the wood chips 
to 15% final moisture content was determined experimentally by 
using online TGA measurement. In order to ensure uniform drying, 
we had only used one layer of wood chips in the trays so there are 
no top or bottom layers. Subsequently, the total amount of energy 
required for drying was calculated as the sum of (a) the energy 
required to heat up both wood chips (H woo d), water (H water ) and 
air (H air ) to 110 °C and (b) the energy required to evaporate both 
the free water and a fraction of the bound water till the material 
reached 15% moisture content (H eva p) and finally (c) the heat loss 
of the drying unit (Hi oss ). 

The energy for heating up wood, water and air to 110 °C was 
calculated by using the equation MC(T 2 - Ti) where M is the dry 
weight of wood chips/weight of water/weight of air and, Ti and 
T 2 are the initial and final temperatures respectively. The specific 
heat capacity (C) of wood, water and air used in the calculation 
were 0.28, 4.217, 0.266 kcal per kg C respectively [31]. 

The amount of energy required to evaporate both the bound 
and free water till the targeted moisture was calculated by 
H E vap = Water free (q^tent) + Water bound (q latent + q bound ) where the 
Water free and Water boU nd are the respective amount of water to 
be evaporated to obtain 15% final moisture content and gi aten t is 
the latent heat of vapourisation of water and c/bound is the 
additional separation heat required to evaporate the bound water. 
The heat loss of the overall drying system was calculated by 
multiplying total surface area of the oven with the heat loss 
coefficient and duration of the drying determined from the 
experimentally. 

2.3. Grinding 

One kg (on a wet basis) of both the raw and torrefied wood 
chips was ground using a laboratory heavy-duty hammer mill 
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(10HMBL, Glen mills). A computer with a data logger assembled 
with a multi-function transducer was connected to the mill to 
record the instantaneous power consumption during the grinding 
experiment. The samples were fed into the hammer mill using a 
vibrating feeder specifically designed for feeding material to 
hammer mill and pelletization equipment. The flow rate of the 
material was controlled to avoid exceeding the maximum power 
of the machine. A circuit breaker was installed in the grinder motor 
to avoid any overloading. Four trials were run for both torrefied 
wood chips and raw wood chips and the average time required 
for completing the grinding of 1 kg of the material was determined 
to calculate the flow rate. The 1/16" mesh was used to screen the 
particles. During grinding, the instantaneous power consumption 
data with respect to time was recorded and used for calculating 
the required energy. The energy consumption (J/g) was calculated 
by dividing the power consumption (J/s) by the flow rate (g/s). We 
have also run the mill for 3 min without feeding any material to 
record the power consumption of the blank run [32,33]. 

2.4. Torrefaction 

Torrefaction was carried out using the UBC-BTGA (University of 
British Columbia’s big thermo-gravimetric analyser). The sche¬ 
matic representation of the set-up is presented in Fig. 1. The unit 
consists of a Carbolite oven (650 x 480 x 410 mm), which operates 
at temperatures ranging from room temperature to 600 °C. The 
heat convection inside the oven was facilitated by using a RPM 
adjustable fan. Torrefaction chamber (385 x 385 x 330 mm stain¬ 
less steel box) was installed inside the oven and an oxygen-free 
environment for the chamber was provided by continuous flow 
of nitrogen. There are two ports for gas input and output. An exter¬ 
nal heater initially heats up the gas, then the preheated gas enters 
oven and flows through a heat exchanger. The preheated nitrogen 
gas was then purged onto the box. The gas exit port was connected 
to both the load cell and gas condensation unit with a tube. The gas 
carries the volatiles released from torrefying the sample through 


externally heated tubes, which were well insulated to prevent con¬ 
densation and in-line deposition of the tar. The condensation unit 
was connected to the end of this tube which was cooled down 
using the cold water circulation outside the tube. 

A tray (~350mm diameter) is suspended freely inside the air 
sealed chamber via a thin wire from a load cell located about 1 m 
from the top of the chamber. The tray can generally hold up to 
200-600 g of wood chips and we have used 300 g of wood chips/ 
pellets to form a uniform layer on the tray with a height of 
approximately 1.8 mm and the load cell converts the force to 
signals and a data accusation card installed on the BTGA unit com¬ 
puter receives the data and mass loss was recorded instantaneously. 

2.5. Pelletization 

Lab scale California pellet mill (CPM) was used for pelletizing 
both torrefied and untreated materials (CL-397179, 230 V, 3 phase 
and 60 Hz). The pelletizer has 5 HP motor using 14 A and has a 
rotation speed of 1750 rpm. The ampere indicator was used to 
monitor the instantaneous power consumption of the machine. 
Similar to the grinder, the pelletizing machine was also connected 
to computer for recording the power consumption during the pro¬ 
cess. The flow rate of the material was controlled by adjusting the 
vibration of the feeding plate thus avoiding exceeding the maxi¬ 
mum power consumption of the machine. The ground untreated 
material had 13% moisture content prior to pelletisation. Since 
the torrefaction process reduce the moisture content of the mate¬ 
rial to less than 1%, the material had to be re-conditioned to 13% 
moisture subsequent to torrefaction and grinding. In addition, 
the pelletisation of torrefied material was carried out with and 
without the use of binding agents. In the experiments using 
binders, the torrefied and subsequently ground sample was sup¬ 
plemented with 7 wt% binder (wheat flour) and thoroughly mixed 
for 20 min to ensure uniform distribution of the binding agent. The 
conditioned materials were fed to the pelletizer using vibrating 
feeder. 
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Fig. 1. Schematic representation of the thermogravimetric analyser set-up used in the work. 
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2.6. Determination of pellet properties 

The pellet density was measured by dividing its mass over the 
pellet volume. The volume was calculated by measuring pellet 
diameter and length using a digital caliper [34]. Moisture content 
of the pellets was determined using the convection drying oven 
method according to the ASABE standards. The durability was mea¬ 
sured using the tumbler testing unit according to American Society 
of Agricultural Engineers Standard S269.4 [35]. The unit consisted 
of a rectangular stainless steel container with inner dimension of 
300 x 300 x 125 mm. One baffle inside the container enforced 
the tumbling effect and the rotation speed is adjusted to 50 rpm 
and the rotation time is 10 min. 500 g of sample was used for the 
test. The treated sample was subsequently sieved using round 
screen holes of 3.15 mm and the percent of original pellets that 
remained unbroken provided the durability index. 

Moisture absorption rate of pellets was measured by placing 
them in a controlled humidity chamber (Model LHU-113, ESPEC 
Corp., Japan) 34]. The pellet samples were completely dried prior 
to analysis. The chamber temperature was set at 30 °C with a 
relative humidity (RH) of 90%. The increase in mass of the sample 
was monitored and recorded every 5 min in the first 30 min and 
every 1 h afterwards. The weight was recorded until it reached a 
constant value. The water uptake test was performed by immers¬ 
ing a given amount of pellets in water at 1:5 solid to liquid ratio 
for 30 min. The excess water was subsequently filtered out using 
500 pm nylon mesh. The wet residue was subsequently weighed 
and completely dried at 105 °C till constant weight. The weight 
loss during drying was recorded every 5 min in the first 30 min 
and every 10 min afterwards. 

The higher heating value (HHV) of solid samples was deter¬ 
mined in an oxygen bomb calorimeter (Model 6600, Moline, IL) 
fitted with continuous temperature recording. A small mass 
0.6-1.2 g of densified sample was placed in the instrument 
chamber. The measurements were repeated three times on three 
different pellets. Elemental analysis of the samples was done using 
Carlo Erba Elemental Analyzer (EA1108). The pellets were also 
analysed for their chemical constituents such as acid insoluble 
lignin using the Tappi-T-22 om-88 as previously described 36]. 
The hydrolysate from this analysis was retained and analysed for 
soluble carbohydrates [37] using Dionex (Sunnyvale, CA) HPLC 
(ICS-3000) equipped with an AS 50 auto sampler, ED50 electro¬ 
chemical detector, GP 50 gradient pump and anion exchange 
column (Dionex CarboPac PA1). 

3. Results and discussion 

3.1. The two process configurations compared in the work 

The two process schemes compared and evaluated in the work 
are outlined in Fig. 2. First we have determined the energy 
consumption in individual process steps of both the process 
schemes. Thereafter, we have compared the energy consumption 
and material balance when processing 1 kg of starting wood chips 
under the two different process scenarios. Subsequently, we have 
compared both the process routes for their ability to improve the 
pellet properties. 

3.2. Energy consumption in individual process steps 
3.2.1. Drying 

In the process scheme I and II, wood chips were first dried to 
15% using the hot air convection oven. The total energy required 
to reduce the moisture content from 40% to 15% was 1328 kj/kg 
of the starting wet wood chips. Although this energy requirement 


was apparently similar for both process schemes, for drying below 
15%, the process scheme II required lower amount of external 
energy compared to process scheme I. For the process scheme 1, 
drying step was immediately followed by the torrefaction step. 
Therefore, all of the remaining 15% moisture had to be removed 
to enable a direct torrefaction of the wood chips. This additional 
energy required to remove the final 15% moisture in the torrefac¬ 
tion unit was 320 kj/kg of starting wood chips (on a wet basis). 
However, in the process scheme II, drying was immediately 
followed by grinding and pelletisation and these two processes 
are accompanied by a reduction in the moisture content from 
15% to 7% prior to torrefaction. This means energy required to 
remove 8% of the original moisture is saved by following the pro¬ 
cess scheme II and the final torrefaction step had to only remove 
7% moisture present in the pellets. Additional energy required to 
drive of this remaining 7% moisture in the torrefaction unit was 
apparently lower than process scheme I and was calculated to be 
144 kj/kg of the starting wood chips on a wet basis. Therefore, 
the combined total energy for drying the material for the process 
scheme I and II were 1647.3 and 1471.4 kj/kg of the starting wood 
chips. 

3.2.2. Grinding 

Grinding step exhibited considerable differences in energy 
consumption between the two process schemes. In the process 
scheme I, grinding was carried out on the torrefied wood chips 
whereas in process scheme II, the raw wood chips with 15% 
moisture content were subjected to grinding. Since biomass is 
generally flexible and tenacious, it is generally energy intensive 
to reduce the particle size prior to the pelletization process or 
using them in pulverized combustion systems [38]. Apparently, 
this high energy requirement was substantially decreased after 
the torrefaction of wood chips (Fig. 3). Our results confirmed many 
of the previous work, which reported that loss of moisture and 
some of the volatiles during torrefaction results in the loss of 
visco-plastic properties making biomass more brittle and easy to 
grind [19,21,22,38,39]. In this work, the total energy required to 
grind 1 kg of torrefied wood chips was found to be 39 kj/kg 
compared to 292 kj/kg required for grinding the untreated wood 
chips (Fig. 3). The values are close to what has been reported 
earlier by Bergman 40] whose work showed that torrefaction 
can reduce 70-90% energy requirements for size reduction. 

3.2.3. Pelletisation 

In the process scheme I, pelletisation was carried out on 
torrefied and subsequently ground wood chips whereas in process 
scheme II, pelletisation was carried out on the raw and ground 
wood chips. The torrefied wood chips had only 3% moisture after 
grinding and therefore had to be conditioned with water to reach 
a final moisture content of 12% prior to pelletisation. However, in 
the process scheme II, since the ground biomass already had a 
moisture content of 12%, moisture conditioning step was not 
required. 

Torrefaction had a significant influence on the ease of pelletisa¬ 
tion (Fig. 4). While it was possible to density the untreated 
Douglas-fir with reasonable energy consumption, it was extremely 
difficult to density the torrefied material albeit the requirement of 
higher energy consumption. The energy required to pelletize 1 kg 
of the untreated and torrefied material (on a wet basis) was 
757 kj/kg and 1164 kj/kg respectively. Despite this 1.5 times higher 
energy consumption, ~15% of the torrefied material still came out 
of the machine non-pelletised whereas almost all of the untreated 
material (>98%) could be pelletised. The results indicated that 
binding characteristics of biomass was significantly lowered after 
it has been torrefied. Stelte et al. [30] has reported that inter¬ 
particle bonding was significantly lowered after the torrefaction 
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Fig. 2. Two different process configurations compared in the current work (process scheme I involve torrefaction prior to pelletisation and process scheme II involve 
torrefaction subsequent to pelletisation). 



Fig. 3. Influence of torrefaction on the grinding energy requirements of Douglas-fir 
wood chips. 


—♦— Untreated material - No binder (Flow rate : 1.5g/sec) 



Fig. 4. Influence of torrefaction on the flow rate and power consumption during 
pelletisation of ground wood chips. 


of Spruce. The authors have also reported that torrefied particles 
can increase the friction in the press channel of the pellet mill. 

As it was apparent that the torrefied material could not be effec¬ 
tively densified even with higher energy requirement, in the next 
step, we have investigated the influence of adding a binding agent 
to enhance the binding affinity of the torrefied material. Since 
starch has been reported as an effective binder for the densification 
of biomass particles [33], wheat flour was mixed thoroughly with 


the torrefied particles at a proportion of 7% (on a dry weight basis) 
and subsequently pelletised. As was expected, use of binder sub¬ 
stantially enhanced the ease of pelletisation lowered the energy 
requirements (Fig. 4). Greater than 98% of the torrefied material 
could be pelletised and total energy requirement for pelletizing 
the torrefied material was lowered from 1164kJ/kg to 461 kj/kg 
(Fig. 4). The results indicated that use of binding agent may be a 
prerequisite to enable the pelletisation of torrefied material with 
reasonable energy consumption. Previous work has also indicated 
the high energy requirement for densifying the torrefied biomass. 
Peng et al. [20,28] has shown that a high die temperature of 
170-230 °C was required to enable effective densification of torr¬ 
efied particles. [30] in their work on pelletisation properties of 
torrefied Spruce and Gilbert et al. [41 ] in their work on the pelleti¬ 
sation of herbaceous crops have also reported similar challenges 
with densifying the torrefied biomass after it has been torrefied 
[29,30,41]. 

3.2.4. Torrefaction 

Torrefaction in the process scheme I was carried out directly on 
wood chips while in the process scheme II, the wood pellets were 
torrefied. The torrefaction was carried out under similar process 
conditions of 260 °C for 15 min. Prior to doing torrefaction, we 
had expected significant differences between wood chips and 
wood pellets for their response to the same set of torrefaction con¬ 
ditions. Since there are considerable variations between these two 
materials in terms of their density, surface area, bed voidage, etc. 
we had anticipated some differences in heat and mass transfer dur¬ 
ing the torrefaction of wood chips vs. wood pellets. Interestingly, 
the TGA results indicated that dry matter loss was fairly similar 
between the two feedstocks resulting in 14.9% and 15.1% dry 
weight loss respectively (Fig. 5). Apparently, the energy consump¬ 
tion to torrefy 1 kg dry weight of the wood chips and pellets were 
also very similar between the two process schemes and was 545 
and 523 kj/kg dry weight of the wood chips and wood pellets 
respectively. 

3.3. Net energy consumption and mass balance 

Fig. 6 summarises the sequential energy requirements for each 
step when starting with 1 kg of Douglas-fir wood chips (on a wet 
basis) via process schemes I and II. Process schemes I and II had 
a net energy input of 2.7 and 2.5 MJ/kg of wet wood chips pro¬ 
cessed (Fig. 6). While the energy required for torrefaction step 
was similar between the process schemes, energy requirement 
for drying and pelletisation steps was higher for process scheme 
I (Fig. 6). The higher energy requirement for drying in process 
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Fig. 5. Thermo gravimetric profiles of Douglas-fir wood chips and wood pellets 
during torrefaction. 


scheme I was primarily because of the necessity for complete 
removal of moisture prior to torrefaction, whereas in process 
scheme II, partial reduction in the moisture content (~7%) was 
accomplished during grinding and pelletisation prior to reaching 
the torrefaction step. Similarly, the energy required to pelletize 
the torrefied material was also significantly higher than that of 
raw wood chips. Binding affinity of the raw biomass particles 
seems to have been substantially reduced after torrefaction 30]. 
Although the higher energy requirement in process scheme I was 
partly compensated by reduction in the energy consumption for 
grinding the torrefied wood chips, overall net energy consumption 
was still higher for process scheme I. Use of binding agent during 
pelletisation of torrefied material, however had significantly 
decreased the energy requirement for process scheme I from 2.7 
to 2.3 MJ/kg, even less than that of the process scheme II (Fig. 6). 

Although the present work holds great significance in compar¬ 
ing the two process pathways, the absolute energy values obtained 
in this work would vary significantly in an industrial system 
depending on the scale of operation, type of the equipments and 
reactors, their capacity utilisation, different energy profiles of each 
country/location. This may be a limitation of the current work. 
Although grinding and pelletisation steps consume electrical 
energy, drying and torrefaction can utilise different forms of 
energy. For example, both biomass and natural gas have been used 
as energy sources for drying/torrefaction. In addition, heat can be 
generated by the combusting the volatiles (gas and tar) released 
during torrefaction process and this heat can be integrated back 
to make the system auto thermal [40]. Such a comprehensive 
energy analysis would be highly relevant in a later stage to carry 
out technoeconomic assessment of an industrial scale operation 
and optimize the commercial process scheme. Location of the plant 
would also play a significant role in such an analysis since the 
energy resources and government policies would vary significantly 
with each region and thus the form of energy used and the mode of 
energy integration. However, it is important to mention that these 
factors should not outweigh the advantage of pathway II over path¬ 
way I presented in the current work since the main difference in 
the energy consumption between the two pathways arises from 
grinding and pelletisation steps which consumes same form of 
energy (ie, electrical energy). 

The material balance for processing 1 kg of the wet wood chips 
(0.6 kg dry weight of the wood chips) via process schemes I and II 
are summarised in Fig. 6. The process scheme I resulted in 0.45 kg 
of torrefied wood pellets with 8% moisture content, which corre¬ 
sponded to 65% mass recovery on a dry weight basis of the starting 
wood chips (Fig. 6). The highest mass loss (15%) was occurred 


during pelletisation and this fraction of the torrefied material came 
out of the machine non-pelletised. The remaining mass loss was 
mainly from the torrefaction step (~15%). Use of binder during 
the process scheme I had increased the overall mass recovery to 
85.3% (on a dry weight basis) of the starting material, however 
6% of which was binder, therefore, the recovery of the original 
dry matter was 79% (Fig. 6). The increase in the mass recovery 
was mainly because; the use of binder had enabled the pelletisa¬ 
tion of more than 98% of the torrefied material (Fig. 6). 

The process scheme II resulted in a mass recovery of 81% of the 
dry weight of the starting material (Fig. 6). The loss of dry weight 
was mostly occurred during the torrefaction step. In addition to the 
difference in the loss of dry weight, one major difference between 
process schemes I and II was the difference in the moisture content 
between the final torrefied pellets. Since the torrefied material had 
to be conditioned for 12% moisture content prior to pelletisation, 
the process scheme I resulted in torrefied pellets with a moisture 
content of ~8%. However, in process scheme II, the raw wood 
pellets with 8% moisture was torrefied as the final step. Therefore, 
the resulting torrefied pellets were moisture free, however upon 
equilibrium with atmospheric humidity, the pellets had absorbed 
3% moisture by weight. This difference in moisture implied that 
pellets generated by process scheme I will likely have an additional 
burden of transporting excess moisture and poor storage stability. 

In addition to the energy input and mass balance, another 
important aspect which would help us choose a better process 
scheme is the quality of the resulting pellets. Therefore, we next 
compared both the process routes for their ability to improve the 
pellet properties that are critical to the transportability and stabil¬ 
ity of the pellets. As the process scheme I without the use of binder 
resulted in poor material recovery and higher energy consumption, 
we have chosen the process scheme I with the use of binders for 
comparing the pellet qualities to that of process scheme II. 

3.4. Comparison of the pellet qualities 

The pellets made from torrefied materials were denser 
(1207 kg/m 3 ) compared to the torrefied pellets produced by pro¬ 
cess scheme II (Table 1). In the process scheme II, the density of 
the wood pellets was decreased from 1158 kg/m 3 to 1031 kg/m 3 
after torrefaction (Table 1). As the torrefaction was the final step, 
the process can increase the porosity of the raw wood pellets 
due to the volatilisation of the hemicellulosic components from 
the lignocellulosic matrix. However, despite a decrease in the 
density, the torrefaction did not change the shape or integrity of 
the wood pellets. In addition, as was mentioned earlier, the 
moisture content of the “pellets which was subsequently torrefied” 
was only 3% compared to 8% of the moisture present in the 
“torrefied and subsequently pelletised” material (Table 1). The 
durability of the torrified pellets was also fairly close and compara¬ 
ble to that of the raw material pellets (Table 1 ). 

In order to understand the stability of the pellets in water, both 
types of pellets were subsequently immersed in water (Fig. 7al 
and bl). Compared to the raw material pellets, which readily disin¬ 
tegrated when immersed in water, both types of torrefied material 
exhibited substantially higher hydrophobicity. Among the two 
different types of torrefied pellets, the “torrefied and subsequently 
pelletised material” were relatively easily fall apart whereas the 
“pelletised and subsequently torrefied material” stayed intact for 
more than 2 h in water (Fig. 7a2 and b2). Given the results 
obtained in this work, there may be a possibility to enhance the 
hydrophobicity of the pelletised and subsequently torrefied material 
by doing further optimisations on a pilot scale. 

In addition to the visual appearance, the hydrophobicity of the 
two torrefied pellets were further verified by drying the water 
immersed pellets and determined how much water was originally 
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Fig. 6. Influence of the different process pathways on the material balance and energy consumption of making torrefied pellets, (a) Torrefaction prior to pelletisation without 
any binder, (b) Torrefaction prior to pelletisation with the use of binder, (c) Torrefaction subsequent to pelletisation. 


Table 1 

Influence of carrying out torrefaction before or after pelletisation on the durability of torrefied wood pellets. 


Sample 

Density (single pellet) (kg/m 3 ) 

Moisture content (%) 

Durability 3 

Raw material pelletised 

1158.5 

8.2 

98.2 

Raw material, pelletised and subsequently torrefied 

1031.2 

2.9 

97.0 

Raw material, torrefied and subsequently pelletised 13 

1207.3 

7.7 

98.6 


a Measured by the tumbler method. 

b Binder was used for the pelletisation of torrefied material. 
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Fig. 7. Influence of carrying out torrefaction before or after pelletisation on the water absorption of the resulting pellets (upon immersion in water), (a) Pelletised and 
subsequently torrified material when (al) immersed in water (a2) when taken out of water after 6h (a3) oven dried after taking out from water, (b) Torrefied and 
subsequently pelletised (bl) immersed in water (b2) when taken out of water after 6 h (b3) oven dried after taking out from water, (c) Weight loss of the water immersed 
pellets (a and b) during drying. 



A Pelletised and subsequently torrefied 
-<♦- Untreated regular wood pellets 
# Torrefied and subsequently pelletised 


Table 2 

Influence of torrefaction in enhancing the carbon content (% dry weight basis) and 
heating value of Douglas-fir wood chips and wood pellets. 



Carbon 

Hydrogen 

High heating value 
(Mj/kg) 

Douglas-fir wood chips 

45.7 

6.4 

18.7 

Douglas-fir wood pellets 

46.5 

6.4 

18.7 

Pelletised and subsequently 
torrefied 

51.2 

6.0 

22.0 

Torrefied and subsequently 
pelletised 

49.5 

5.4 

20.8 


5 -'-*-•- 

0 1000 2000 3000 

Time [min] 

Fig. 8. Influence of the order of torrefaction and pelletisation on the moisture 
absorption capacity of the torrefied pellets. 

absorbed by the pellets and how easily the absorbed water can be 
evaporated. We have observed that the torrefied and subsequently 
pelletised material absorbed substantially higher amount of water 
compared to the pelletised and subsequently torrefied material 
(Fig. 7a3 and b3). It appears that the higher hydrophilicity of starch 


being a binder can lead to an easy loosening of the pellets when 
immersed in water. This initial loosening may provide more access 
to water molecules to the interior regions of the pellets. In addi¬ 
tion, it should be noted that wood chips during torrefaction (partic¬ 
ularly at milder conditions) can lead to an uneven torrefaction with 
exterior of the wood chips being more hydrophobic and interior 
being more hydrophilic. These torrefied wood chips when subse¬ 
quently ground will destroy the hydrophobic outer layer and 
expose new surfaces which may not be necessarily as hydrophobic 
as the outer layer of the torrefied wood chips. Therefore, one can 
expect a higher degree of hydrogen bonding between water and 
the torrefied particles in the case of “torrefied and subsequently 
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Table 3 

Influence of torrefaction on the chemical composition (carbohydrates and lignin content) of Douglas-fir wood chips and wood pellets. 



Acid insoluble lignin/residue 3 

Arabinan 

Galactan 

Glucan 

Xylan 

Mannan 

Douglas-fir wood chips 

31.7 (0.4) b 

1.1 (0.0) 

3.3 (0.1) 

43.2 (0.8) 

5.0 (0.2) 

12.1 (0.1) 

Douglas-fir wood pellets 

32.3 (0.7) 

1.3 (0.0) 

3.5 (0.0) 

43.8 (0.6) 

4.6 (0.0) 

11.7 (0.3) 

Pelletised and subsequently torrefied 

43.3 (0.2) 

ND C 

0.7 (0.1) 

49.1 (1.0) 

0.9 (0.0) 

4.6 (0.1) 

Torrefied and subsequently pelletised 

38.3 (0.5) 

ND 

0.5 (0.1) 

54.7 (1.4) 

0.8 (0.0) 

3.9 (0.1) 


a After torrefaction, the residue insoluble in 72% sulphuric acid may not be necessarily lignin. 
b Deviations from the average of triplicate analysis. 
c Not detected in the analysis. 


pelletised” material. In contrary, in the material which is first 
“pelletised and then torrefied”, the outer layer of the torrefied 
pellets is not destroyed and can remain hydrophobic preventing 
water to get access to the interior of the pellets. 

We have also assessed the stability of the wood pellets in high 
humid conditions by exposing the pellets in the humidity chamber. 
The results showed that the degree of moisture uptake was in the 
order “pelletised and subsequently torrefied material” (process 
scheme II) > untreated regular pellets > “torrefied and subse¬ 
quently pelletised” material (process scheme I) (Fig. 8). It appears 
that penetration of the water vapour and its subsequent condensa¬ 
tion is critically dependent on the external surface area of the 
pellets. In the case of pelletised and subsequently torrefied 
material, it appears that torrefaction being the second stage 
substantially increased the external porosity of the pellets and 
more water vapour can potentially get condensed in the small 
pores present in the outer surface of the pellets albeit having a 
hydrophobic surface. In the case of untreated pellets and “torrefied 
and subsequently pelletised material”, pelletisation being the last 
step resulted in the closer packing of the materials with less 
external surface area and porosity available for the water vapours 
to condense (Fig. 8). 

Since the suitability of the torrefied wood pellets in subsequent 
applications will be largely governed by the chemistry of biomass, 
we have carried out a preliminary elemental analysis and chemical 
composition of the samples (Tables 2 and 3). As was expected, the 
elemental analysis results showed an increase in the percentage of 
carbon and therefore an apparent increase in C/O ratio after 
torrefaction (Table 2). The increased carbon to oxygen ratio was 
also in agreement with the increased calorific value of the torrefied 
biomass compared to the raw material (Table 2). Despite a 
decrease in the hemicellulose content as shown by the chemical 
compositional analysis (Table 3), the carbon content seems to have 
mostly preserved during torrefaction. The results indicate that the 
most of the carbon present in the hemicellulose was transformed 
and detected as the acid insoluble residue during the composi¬ 
tional analysis. The ‘torrefied and subsequently pelletised’ 
(pathway I) material has shown a reduction in the carbon content 
probably due to the addition of binder. Starch has relatively lower 
C/O ratio compared to lignin and therefore supplementation of 
wheat flour can reduce the proportion of carbon in the resulting 
pellets (Table 2). The mass percentage of hydrogen was also 
slightly decreased after torrefaction. This decrease in the hydrogen 
with simultaneous increase in the carbon content can be 
considered as an indication of the increased hydrophobicity of 
the material as was confirmed by the earlier experiments. When 
considering the molar basis, the change in hydrogen content can 
be significant and would be influential enough to reduce the 
hydrogen bonding cites. With the addition of the binder, 
the amount of hydrogen seems to have lowered again, however 
due to the increased proportion of oxygen present in starch. 

The data on chemical composition showed that pelletisation 
alone did not substantially change the chemical composition of 
the raw material. The total carbohydrate content of raw wood 


chips and raw wood pellets were close to 65% (Table 3) which is 
typical of most of the softwood species [38]. However, as was 
expected, torrefaction substantially reduced the hemicellulose 
content of the raw wood chips as well as the raw wood pellets 
indicating their volatilisation and carbonisation during the non- 
oxidative torrefaction process [42,43]. It should be noted that loss 
of hemicellulose can reduce the hydrogen bonding sites in the 
material leading to a lower affinity to water. This also explains 
why torrefied material was more hydrophobic compared that of 
the raw material. The relative increase in the percent lignin content 
of the material is apparently due to the volatilisation of most of the 
hemicellulose components and formation of the degradation 
products which are insoluble in acid [44,43]. Therefore, the proper¬ 
ties of this insoluble residue might be substantially different 
compared to the properties of lignin present in the raw material 
[44]. The higher glucan content of the “torrefied and subsequently 
pelletised” samples could be from the added starch as the binder. 
Since significant fraction of the carbohydrates were still preserved 
in the material at these torrefaction conditions, it would be 
interesting to see the suitability of these feedstocks for biochemical 
conversion applications. 


4. Conclusions 

The described work compared two different process routes to 
convert Douglas-fir wood chips to torrefied wood pellets as the 
final product. It was possible to successfully combine torrefaction 
and densification processes to improve both energy density and 
bulk density of biomass thus producing “renewable biocoal” that 
can be used as a tradable commodity to potentially substitute fossil 
fuels. Although traditionally the wood chips are first torrefied and 
subsequently densified, this particular work showed that it was 
more energy efficient to first density the wood chips and 
subsequently torrefy them. However, the use of binder in the 
conventional process scheme can significantly reduce the energy 
consumption while resulting in pellets with enhanced breaking 
strength, durability and density. However, use of binder compro¬ 
mised some other qualities of the pellets with the pellets produced 
by process scheme II being still superior in terms of their high 
stability in water, enhanced calorific value, higher carbon content 
and reduced moisture content. Therefore, “Torrefaction subse¬ 
quent to pelletisation” currently appears to be a promising strategy 
to obtain torrefied wood pellets which has reasonable transport¬ 
able properties with high potential in different end product 
applications. 


Acknowledgements 

Authors gratefully acknowledge the research support from 
Natural Sciences and Engineering Research Council of Canada 
(NSERC) and BioFuelNet, Canada. 





142 


B. Ghiasi et al./Applied Energy 134 (2014) 133-142 


References 


[1] Sadaka S, Negi S. Improvements of biomass physical and thermochemical 
characteristics via torrefaction process. Environ Progress Sustain Energy 
2009;28:427-34. 

[2] Agar D, Wihersaari M. Bio-coal, torrefied lignocellulosic resources - key 
properties for its use in co-firing with fossil coal - their status. Biomass 
Bioenergy 2012;44:107-11. 

[3] Bridgeman T, Jones J. Torrefaction: Improving the value of solid biomass fuel 
resources. Int Sugar J 2008;110:660. 

[4] Sarvaramini A, Assima GP, Larachi F. Dry torrefaction of biomass - torrefied 
products and torrefaction kinetics using the distributed activation energy 
model. Chem Eng J 2013;229:498-507. 

[5] Agar D, Wihersaari M. Torrefaction technology for solid fuel production. Global 
Change Biol Bioenergy 2012;4:475-8. 

[6] Tumuluru JS, Sokhansanj S, Lim CJ, Bi T, Lau A, Melin S, et al. Quality of wood 
pellets produced in British Columbia for export. Appl Eng Agric 2010;26: 
1013-20. 

[7] Lu K, Lee W, Chen W, Lin T. Thermogravimetric analysis and kinetics of 
co-pyrolysis of raw/torrefied wood and coal blends. Appl Energy 2013;105: 
57-65. 

[8] Li J, Brzdekiewicz A, Yang W, Blasiak W. Co-firing based on biomass 
torrefaction in a pulverized coal boiler with aim of 100% fuel switching. Appl 
Energy 2012;99:344-54. 

[9] Li H, Liu X, Legros R, Bi XT, Lim CJ, Sokhansanj S. Pelletization of 
torrefied sawdust and properties of torrefied pellets. Appl Energy 2012;93: 
680-5. 

[10] Shang L, Ahrenfeldt J, Holm JI<, Sanadi AR, Barsberg S, Thomsen T, et al. 
Changes of chemical and mechanical behavior of torrefied wheat straw. 
Biomass Bioenergy 2012;40:63-70. 

[11] Shang L, Nielsen NPK, Dahl J, Stelte W, Ahrenfeldt J, Holm JK, et al. Quality 
effects caused by torrefaction of pellets made from Scots pine. Fuel Process 
Technol 2012;101:23-8. 

[12] Tapasvi D, Khalil R, Varhegyi G, Skreiberg O, Tran Khanh-Quang, Gronli M. 
Kinetic behavior of torrefied biomass in an oxidative environment. Energy 
Fuels 2013;27:1050-60. 

[13] Shuttleworth PS, Budarin V, White RJ, Gun’ko VM, Luque R, Clark JH. 
Molecular-level understanding of the carbonisation of polysaccharides. 
Chem - A Eur J 2013;19:9351-7. 

[14] Sheikh MMI, Kim C, Park H, Kim S, Kim G, Lee J, et al. Influence of torrefaction 
pretreatment for ethanol fermentation from waste money bills. Biotechnol 
Appl Biochem 2013;60:203-9. 

[15] Hilten RN, Speir RA, Kastner JR, Mani S, Das KC. Effect of torrefaction on bio-oil 
upgrading over HZSM-5. Part 1: Product yield, product quality, and catalyst 
effectiveness for benzene, toluene, ethylbenzene, and xylene production. 
Energy Fuels 2013;27:830-43. 

[16] Ren S, Lei H, Wang L, Bu Q Chen S, Wu J, et al. The effects of torrefaction on 
compositions of bio-oil and syngas from biomass pyrolysis by microwave 
heating. Bioresour Technol 2013;135:659-64. 

[17] Sarkar M, Kumar A, Tumuluru JS, Patil KN, Bellmer DD. Gasification 
performance of switch grass pretreated with torrefaction and densification. 
Appl Energy 2014;127:194-201. 

[18] Hilten RN, Speir RA, Kastner JR, Mani S, Das KC. Effect of torrefaction on bio-oil 
upgrading over HZSM-5. Part 2: Byproduct formation and catalyst properties 
and function. Energy Fuels 2013;27:844-56. 

[19] Van Essendelft DT, Zhou X, Kang BS-J. Grindability determination of torrefied 
biomass materials using the hybrid work index. Fuel 2013;105:103-11. 

[20] Peng JH, Bi HT, Lim CJ, Sokhansanj S. Study on density, hardness, and moisture 
uptake of torrefied wood pellets. Energy Fuels 2013;27:967-74. 


[21] Ohliger A, Foerster M, Kneer R. Torrefaction of beechwood: a parametric study 
including heat of reaction and grindability. Fuel 2013;104:607-13. 

[22] Repellin V, Govin A, Rolland M, Guyonnet R. Energy requirement for fine 
grinding of torrefied wood. Biomass Bioenergy 2010;34:923-30. 

[23] Park J, Meng J, Lim KH, Rojas OJ, Park S. Transformation of lignocellulosic 
biomass during torrefaction. J Anal Appl Pyrolysis 2013;100:199-206. 

[24] Larsson SH, Rudolfsson M, Nordwaeger M, Olofsson I, Samuelsson R. Effects of 
moisture content, torrefaction temperature, and die temperature in pilot scale 
pelletizing of torrefied Norway spruce. Appl Energy 2013;102:827-32. 

[25] Basu P, Rao S, Acharya B, Dhungana A. Effect of torrefaction on the density and 
volume changes of coarse biomass particles. CanJ Chem Eng 2013;91:1040-4. 

[26] Kumar L, Tooyserkani Z, Sokhansanj S, Saddler JN. Does densification influence 
the steam pretreatment and enzymatic hydrolysis of softwoods to sugars? 
Bioresour Technol 2012;121:190-8. 

[27] Pirraglia A, Gonzalez R, Denig J, Saloni D. Technical and economic modeling for 
the production of torrefied lignocellulosic biomass for the U.S. densified fuel 
industry. Bioenergy Res 2013;6:263-75. 

[28] Peng JH, Bi XT, Sokhansanj S, Lim CJ. Torrefaction and densification of different 
species of softwood residues. Fuel 2013;111:411-21. 

[29] Stelte W, Nielsen NPK, Hansen HO, Dahl J, Shang L, Sanadi AR. Pelletizing 
properties of torrefied wheat straw. Biomass Bioenergy 2013;49:214-21. 

[30] Stelte W, Clemons C, Holm JK, Sanadi AR, Ahrenfeldt J, Shang L, et al. Pelletizing 
properties of torrefied spruce. Biomass Bioenergy 2011;35:4690-8. 

[31] Perry RH, Green DW, editors. Perry’s chemical engineers’ handbook. New 
York: McGraw-Hill; 2008. 

[32] Mani S, Sokhansanj S, Bi X, Turhollow A. Economics of producing fuel pellets 
from biomass. Appl Eng Agric 2006;22:421-6. 

[33] Kaliyan N, Morey RV. Natural binders and solid bridge type binding 
mechanisms in briquettes and pellets made from corn stover and 
switchgrass. Bioresour Technol 2010;101:1082-90. 

[34] Tooyserkani Z, Kumar L, Sokhansanj S, Saddler J, Bi XT, Lim CJ, et al. S0 2 - 
catalyzed steam pretreatment enhances the strength and stability of softwood 
pellets. Bioresour Technol 2013;130:59-68. 

[35] ASABE, 1997. Cubes, pellets, and crumbles-Definitions and methods for 
determining density, durability, and moisture content. In: ASABE standards 
S269.4, American Society of Agricultural and Biological Engineers, St. Joseph, 
ML 477-479. 

[36] TAPPI, Acid insoluble lignin in wood and pulp, Tappi standard method T 222 
om-02. Tappi press, Atlanta Georgia; 1994. 

[37] Dence, C.W. The determination of lignin. In: Methods in Lignin Chemistry. 
Springer, Berlin; 1992:33-61. 

[38] Arias B, Pevida C, Fermoso J, Plaza MG, Rubiera F, Pis JJ. Influence of 
torrefaction on the grindability and reactivity of woody biomass. Fuel 
Process Technol 2008;89:169-75. 

[39] Kokko L, Tolvanen H, Hamalainen K, Raiko R. Comparing the energy required 
for fine grinding torrefied and fast heat treated pine. Biomass Bioenergy 
2012;42:219-23. 

[40] Bergman PCA. Combined torrefaction and pelletisation: the TOP process. 
Report ECN-C-05-073 ECN, Petten, The Netherlands; 2005. 

[41 ] Gilbert P, Ryu C, Sharifi V, Swithenbank J. Effect of process parameters on 
pelletisation of herbaceous crops. Fuel 2009;88:1491-7. 

[42] Chen W, Lu K, Tsai C. An experimental analysis on property and structure 
variations of agricultural wastes undergoing torrefaction. Appl Energy 
2012;100:318-25. 

[43] Chen W, Lu K, Lee W, Liu S, Lin T. Non-oxidative and oxidative torrefaction 
characterization and SEM observations of fibrous and ligneous biomass. Appl 
Energy 2014;114:104-13. 

[44] Wen JL, Sun SL, Yuan TQ Xu F, Sun RC. Understanding the chemical and 
structural transformations of lignin macromolecule during torrefaction. Appl 
Energy 2014;121:1-9. 



